A simulation model of a small-scale solid oxide iron-air battery system was developed to clarify its fundamental characteristics and feasibility from the view point of energy efficiency. The energy flow in one cycle of charge/discharge operations was evaluated under a quasi-state assumption with 0-dimentional models of the system components, i.e., a solid oxide electrochemical cell, an iron (Fe) box and heat exchangers. Special care was taken when considering thermal aspects; not only a simple system but also a more complicated system with thermal recirculation by three heat exchangers was investigated. It was found that the system round-trip efficiency reaches 61% under the base conditions in this study. The results also show that several limitations exist for the operation parameters and conditions in view of practical applications. In particular, higher and lower limits exist for the fuel and air utilization factors under which the system operates effectively because of constraints such as the maximum allowable fuel-blower temperature and no heat input during the discharge operation.
Introduction
A solid oxide fuel cell has an advantage of high power generation efficiency even in systems with a relatively small capacity. Intensive research and development are underway with variety of possible applications such as portable systems [1, 2] , residential cogeneration system [3] [4] [5] , vehicle APUs [6] and power supply systems including hybrid system with gas turbines [7, 8] . Recently, much attention has also been focused on its reverse reaction, namely, electrolysis [9] [10] [11] . In this reaction, steam is electrochemically decomposed into hydrogen and oxygen while consuming electrical energy. If we can effectively use this reaction, some of the input electrical energy can be stored as the chemical energy of hydrogen. The high potential of a solid oxide electrochemical cell (SOEC) as a reversible energy conversion device extended its possible applications to energy storage systems [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . For example, Wendel et al.
reported a thermal management of an SOEC system which produces or stores electricity by converting fuel gas (CH4, H2 and CO) and products gas (CO2 and H2O) reversibly [12, 13, 20] . Sun et al. presented a synthetic hydrocarbon fuel production using pressurized SOECs [14, 22] .
As one of the effective utilization methods of SOECs described above, a rechargeable battery consisting of an SOEC and a redox metal is attracting attention [25] . In this new battery, two reversible reactions simultaneously proceed at two different locations in the system; a reversible electrochemical reaction occurs at the SOEC and a reversible redox reaction occurs at the redox metal. A hydrogen/steam mixture gas plays a key role as a carrier of oxygen atoms connecting the two simultaneous reactions during both the charge and discharge operations. Iron (Fe) is a typical choice for the redox metal and the system is often referred to as a solid oxide iron-air battery (SOIAB).
Because this battery is a new concept and still in the early stage of development, the feasibility of the concept is being intensively studied from many different aspects. Xu et al. [25] conducted a laboratory-scale experiment on a small tubular SOEC at 800 o C. They successfully demonstrated an average round-trip efficiency of 92%, which only considered the electrical input/output, over 20 stable charge/discharge cycles. Using an experimental setup similar to that of Xu et al., Zhao et al. [26, 27] performed cyclic durability tests. The battery was continuously cycled 100 times and a gradual decline in performance was observed. Leonide et al. [28] reported the results of a long-term operation test of a short stack at a constant temperature of 800 o C. They observed a decrease in the discharge capacity but nearly 40% of the storage metal remained active even after 10,000 cycles. Although there are still problems to be solved to minimize the degradation, these experimental results are generally encouraging.
To determine in detail the phenomena occurring inside the components of batteries, numerical simulation is a powerful tool. In our previous study [29] , we performed a time-dependent 1-dimentional (1-D) numerical simulation for a system consisting of a planar SOEC and iron powder packed in a rectangular region, which faced each other in an insulated box; attention was focused on the distributions of the participating gas species in the system and their effects on the performance. The time-dependent charge/discharge performance, the distributions of the concentrations and reaction rates and the effect of a change in volume of the redox metal were discussed to show the importance of effective gas diffusion in the redox metal in this system. To find the time changes of the active redox reaction area and temperature distributions, we further extended the simulation to a time-dependent 2-D simulation considering the effects of heat transfer as well as gas diffusion [30, 31] . On the other hand, Guo et al. [32] developed a 2-D numerical simulation model of a battery under a uniform temperature assumption and applied it to their laboratory-scale experiment involving a tubular packed-bed reactor combined with a planar disk electrochemical cell. The predicted time course of the terminal voltage during the discharge operation 5 was in good agreement with the experimental results. More recently, Jin et al. [33] performed a time-dependent 2-D simulation taking the effects of heat transfer into account and discussed the impact of the utilization factor and the inlet temperature of the air flow.
In general, for systems developed on the basis of new concepts, numerical analysis often gives basic but essential insights into the system performances; a number of studies based on system simulations can be found not only for existing systems but also for conceptual ones, such as a large-scale solid oxide fuel cell (SOFC) and gas turbine hybrid systems, SOFC and biomass gasification systems, and direct biogas SOFC and micro gas turbine systems [7, 34] . To investigate the feasibility of the new SOIAB concept, performance analyses for various SOIAB systems are also indispensable.
In this study, we investigate the energy flow of an SOIAB system and the effects of operation parameters on the system round-trip efficiency to discuss suitable operating conditions. Because this new battery is still its early stage of the development, we assume one of the simplest configurations of the SOIAB systems to clarify the most fundamental characteristics of the system. The analyzed system is based on 0-D models of the constituent components such as the SOEC, redox metal reactor and heat exchangers introduced in our previous study [35] . We assume a home-use battery system of 5 kWh capacity with 1-kW-class power output during a discharge operation, which corresponds to a mid-range home battery commercially available in Japan as of 2015. Calculations are conducted under a quasi-steady-state assumption and the effects of the heat exchanger effectiveness, gas utilization factors and current density on the system round-trip efficiency are examined. Figure 1 (a) schematically shows one of the simplest configurations of the SOIAB and its concept. The SOEC and the redox metal are the two main components of the system. In this study, we assume that the redox metal is a fine powder of iron [36] [37] [38] and we refer to the container of the Fe powder as the "Fe box" hereafter. We need to introduce two blowers in this configuration. One is for the air supply and the other is to circulate the hydrogen/steam mixture gas between the SOEC and the Fe box, which is named as "fuel-blower." The operation of the SOIAB is briefly explained below.
Numerical modeling

Outline of the system
During charge process
The SOEC functions in an electrolysis mode. The steam is electrochemically decomposed and hydrogen is produced at the fuel electrode.
O 2-migrates in the electrolyte to the air electrode, where oxygen is released to the air flow.
The overall reaction at the SOEC is water decomposition.
( )
We assume that the oxygen produced by this reaction is exhausted to the atmosphere.
The hydrogen-rich mixture gas is supplied to the Fe box. Fe3O4 in the Fe box is reduced by hydrogen and the resultant steam-rich mixture gas is recirculated to the fuel electrode for further electrolysis by the fuel-blower.
( ) 
Note that heat should be supplied since the electrolysis at the SOEC and the reduction of Fe3O4 in the Fe box are both endothermic reactions. If the current density is sufficiently high, the heat required for electrolysis can be supplied by the heat generation associated with various losses in the SOEC.
During discharge process
The SOEC functions as an SOFC. At the air electrode, oxygen in the air is electrochemically consumed as follows.
O 2-migrates in the electrolyte to the fuel electrode, where it reacts with hydrogen and produces steam.
The overall reaction at the SOEC is
The steam-rich mixture gas is transported to the Fe box, where it oxidizes the iron, resulting in the production of hydrogen.
( )
The hydrogen-rich mixture gas is recirculated to the SOEC by the fuel-blower and consumed for further electricity generation. Note that the electrochemical reaction in the SOFC and the oxidation reaction of Fe are both exothermic.
Assumptions and conditions
Because the simulation method is basically the same as the one we developed in our previous study, it is only briefly explained in this section. More detailed information can be found in Ref. [35] .
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We assume that the system is in a quasi-steady state in both the charge and discharge modes. This is because our 1-D and 2-D unsteady simulations [29, 31] showed that a marked decline in performance occurred only in the last 5% of each charge/discharge process when the reactants were almost consumed. We also assume isothermal condition for the SOEC and Fe box, because our 2-D simulations predicted that maximum deviation of local temperature from the overall average temperature was approximately 30 o C [31] . The same assumptions were employed in early literature on SOFC system analyses, e.g. Ref. [39] , as well as in the recent study on SOIAB system with different system configuration [40] . Although these assumptions leave space for further development of the analysis, they have only limited effects on the fundamental characteristics of the system discussed in this paper.
Ideal thermal insulation is assumed for the entire system in this study to elucidate the most fundamental features of this new-concept system. It goes without saying that thermal insulation is critically important in a real system, particularly for the small system with high temperature components. Too thick thermal insulation layer increases not only the system size but also the cost. Effective thermal insulation will be important in order to realize the system at an allowable size and cost.
The operating temperatures of the SOEC and the Fe box are assumed to be the same for simplicity and set at 600 o C. The battery capacity is 5 kWh with 1-kW-class power output during a discharge operation. The charging time and discharging time are 10 and 5 h, respectively. The average current densities during charge/discharge processes are 50 mA/cm 2 and 100 mA/cm 2 , respectively. The area-specific resistances of the SOEC associated with ohmic loss and activation overpotential are set at ASRohm=0.10 Ωcm 2 and ASRact=0.25 Ωcm 2 , respectively [41] .
The concentration overpotential is neglected. The gas composition of the hydrogen/steam mixture gas at the SOEC inlet is determined assuming that the redox reaction reaches its equilibrium state at the exit of the Fe box. The fuel utilization factor is set at 0.5, which is relatively low compared with that of a standard SOFC.
The fuel-side blower must be operated at an elevated temperature. We assume that the maximum allowable blower temperature is 150 o C. The base operating conditions in this study is summarized in Table 1 . The parameters are kept unchanged unless otherwise specified. The effects of the operation conditions are discussed in sections 3.2-3.4.
System round-trip efficiency
Considering the thermal energy input to the system, we define the system round-trip efficiency, η, as
where PC and PD are the input and output electricity. QC and QD are the heat inputs to the system during the charge and discharge processes, respectively. In the calculation of the system round-trip efficiency, QC and QD are allowed to take non-negative values. If there is excess heat generation in the system, we assume that the excess heat is exhausted to the atmosphere and QC or QD is set to zero when calculating the system round-trip efficiency.
The electromotive force, E, is obtained from the Nernst equation as
Considering the ohmic loss and activation overpotential, the terminal voltage of the SOEC in the charge/discharge process can be expressed as
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. Consequently, the input electrical energy, PC, can be calculated as
Generation/absorption of thermal energy and heat transfer
In Fig. 1 , the main heat input/output during the operations are shown with the red, blue and yellow arrows. We first explain the heat input/output assuming the simple system shown in Fig. 1 (a) and then the system with thermal recirculation shown in Fig. 1 (b) is explained at the last of this section.
Reaction heat
In the SOEC, heat is absorbed during the charge process via the reaction expressed by Eq. (3) and released during the discharge process by Eq. (7). The reaction heat at the SOEC during the each process can be expressed as
( ) ( )
Heat is also absorbed/released at the Fe box via the reaction expressed by Eq. (4) and (8) during the charge and discharge processes, respectively. The reaction heat in the Fe box is related to the enthalpy change (reaction heat), ∆rH, and can be expressed as
Losses in SOEC Heat generation associated with the ohmic loss and activation overpotential in the SOEC is expressed in the following forms;
In the calculation of system round-trip efficiency, the losses in the SOEC are regarded as losses in electrical energy.
Gas preheating
To maintain a high operation temperature, the gas flows must be preheated.
The maximum allowable fuel-blower temperature is 150 o C as mentioned earlier. In a simple system without thermal recirculation, the amounts of heat required to preheat the air and fuel, Qair and Qfuel, are expressed as
The are evaluated from the gas composition and flow rate. Gas properties are evaluated at the mean temperature.
Heat inputs to system during charge and discharge processes
The total heat input during the charge and discharge operation, QC and QD, respectively, are obtained by summing all the terms related to the heat input/output except for the heat generated by the losses in the SOEC.
Heat inputs to system with thermal recirculation
The reduction of Qair and Qfuel is effective for enhancing the system round-trip efficiency. To reduce Qair and Qfuel, we also discuss the case with thermal recirculation using three heat exchangers (HEX1, HEX2 and HEX3) as shown in Fig. 1 (b) . The yellow arrow drawn on each heat exchanger shows the direction of heat transferred. For all the heat exchangers, the heat exchanger effectiveness was fixed at 0.85 during the charge process, unless otherwise specified.
Results and discussion
Energy budget of fundamental system with/without thermal recirculation
To clarify fundamental characteristics of the SOIAB, we start with a preliminary discussion of a simple system and stepwisely take more realistic factors into account. First, we focus only on the SOIAB and neglect the thermal energy required to preheat the gases. Also, we assume an ideal SOEC with no IR loss or overpotential. Under these two assumptions, QC and QD include only the reaction heats expressed by Eqs. (14)- (17), and thus, the system round-trip efficiency in the electrical energy budget is 100% (PD/PC = 1.0). If we consider the thermal input, however, the round-trip efficiency of this ideal system is evaluated to be 73% from Eq.
(9).
Second, when the effects of the IR loss and activation overpotential in the SOEC are considered, the input electrical energy should be increased to maintain the output electrical energy. The ratio of the electric output to the electric input, PD/PC, becomes 0.95; thus, the effects of the losses are not significant under the assumptions employed in this study. The system round-trip efficiency slightly decreases and becomes 70%.
Third, we consider the thermal energy required to preheat the supply gases, Qair and Qfuel expressed by Eqs. (19) and (20) kJ. The value of PD/PC remains at 0.95, the same as before. As can be clearly seen from the figure, the amount of thermal energy required to preheat the gases is relatively large, and the resulting system round-trip efficiency drops to as low as 26%.
Because preheating the gas requires most of the heat input we previously introduced the system with three heat exchangers in section 2.4 ( Fig. 1 (b) ). Table 2 summarizes the gas temperatures at various characteristic positions in the charge/discharge process. The energy flow for the present case is shown as a Sankey diagram in Fig. 2 (b) . The system round-trip efficiency increases to 61%, which shows the striking impact of thermal recirculation.
Since the thermal energy input to preheat the gases is markedly less than that shown in Fig. 2 (b) , the reaction heat in the charge process becomes the main component of the heat input. To further reduce the heat input, the use of a regenerator (a storage-type heat exchanger) that recovers the heat exhausted during the discharge process is also an attractive method. Recently the simulation study of round-trip efficiency of an SOIAB system with a heat exchanger and thermal storage was published [40] . Considering the heat-loss penalty of a small-scale regenerator, however, the use of a regenerator will be more suitable for large-scale systems. The implementation of a regenerator in the system will be discussed elsewhere and is beyond the scope of this study.
For operation under the base conditions discussed above, in sections 3.2 to 3.4, we examine the effects of various parameters on the round-trip efficiency of the system to investigate its characteristics in detail. Only the parameter explicitly stated is varied while the other calculation conditions are fixed at the base conditions. Figure 3 shows the effects of the heat exchanger effectiveness on the system round-trip efficiency. Here, the effectiveness of one heat exchanger is varied while maintaining the values for the other two heat exchangers at 0.85. The figure shows that the effectiveness of HEX3 has a strong effect on the system round-trip efficiency.
Effects of heat exchanger effectiveness on round-trip efficiency
This is reasonable because the amount of heat exchanged by HEX3 is the largest among the three heat exchangers. Higher system round-trip efficiency is expected when the effectiveness of HEX3 is high. At the point marked with a square, which is "a heat-balanced point", the input heat during the discharge process, QD, is equal to zero. When the effectiveness of HEX3 decreases and passes over the heat-balanced point, the slope of the round-trip efficiency becomes steeper since QD > 0. This means that heat must be input to the system even in the discharge operation, which reduces its round-trip efficiency. The effectiveness of HEX1 also substantially affects the round-trip efficiency. When the effectiveness of HEX1 is reduced, the heat input required to preheat the fuel gas increases. This leads to a decrease in the round-trip efficiency. On the other hand, the effect of HEX2 on the system round-trip efficiency is not significant. The line comes to an end at a point marked "x" in this case. This mark corresponds to the state where the temperature of the fuel mixture gas at the blower reaches the maximum allowable blower temperature (150 o C).
Effects of gas utilization factors on round-trip efficiency and efficient and uniform operation
The effects of the gas utilization factors are shown in Fig. 4 . The fuel and air utilization factors are set at 0.5 and 0.3 under the base conditions, respectively. The system round-trip efficiency increases with increasing air or fuel utilization factor. This is because the fuel/air flow rate decreases at a higher utilization factor, which reduces the energy required for the preheating of the gas. Because the air flow rate is generally higher than the fuel flow rate, the effect of the air utilization factor on the round-trip efficiency is more prominent. In particular, in the region where the air utilization factor is below the heat-balanced point, QD > 0, the slopes become very steep and the system round-trip efficiency markedly drops. This shows the importance of operating the system under conditions where no heat input is required in the discharge operation. The maximum allowable blower temperature gives the lower limit for the fuel utilization factor and the higher limit for the air utilization factor.
In Fig. 4 (a) , the calculation covers a very high fuel utilization condition.
Note that the effect of fuel depletion will appear in an actual system when the fuel utilization factor is very high. Because the hydrogen molar fraction at the SOEC inlet is approximately 0.75 (the equilibrium value at 600 o C), its value at the SOEC exit becomes less than 0.15 when the fuel utilization factor is over 0.8 in the discharge operation. To observe the effects of the gas utilization factors within the limitation of the 0-D model simulation, we calculate the EMF at the SOEC exit, Eout, for each combination of fuel and air utilization factors, which is normalized by the EMF at the inlet, Ein, and is shown in Fig. 4 (b) as black contour lines. A lower value of Eout/Ein means a large variation of the local EMF within a single cell, which also indicates an associated non-uniformity of the local current density, temperature and overpotential distributions. In Fig. 4 (b) , the combination of the fuel and air utilization factors that gives the heat-balanced condition is depicted with a blue line. To avoid the condition of QD > 0, for which a low round-trip efficiency is expected, the system must be operated in the region to the right of the curved blue line in the figure. On the other hand, the red line in Fig. 4 (b) indicates the limit at which the fuel-blower temperature reaches its maximum allowable value of 150 o C; the system must be operated in the region to the left of the red line in the figure. Consequently, the acute-angled region bounded by the blue and red lines in Fig. 4 (b) shows conditions for efficient and uniform operation under the constraints set in this study. For example, if we assume an allowable lower limit of Eout/Ein is 0.9, the system should be operated within the trianglular region formed by the blue line, red line and black line for Eout/Ein = 0.9. As a result, the set of conditions for an efficient and uniform operation is obtained.
Effects of current density on round-trip efficiency
As shown in Fig. 5 , the round-trip efficiency changes with the current density during the charge or discharge operation. Again, note that the operation time changes with the current density according to the relationship tC iC = tD iD. As the current density of either operation is increased, the round-trip efficiency decreases because the electrical energy loss during the operation increases owing to higher internal losses. The marked change in the round-trip efficiency observed under the low-current-density condition in the charge operation is caused by the insufficient performance of the heat exchangers during the discharge operation. As explained in section 2.4, the heat exchangers are designed to meet the requirement for the charge operation in this study.
If the current density in the charge operation is low, the required heat transfer surface area of the HEXs decreases owing to the low flow rates. The area, however, is insufficient for the discharge operation. This results in an insufficient heat recovery for the preheating of air during the discharge operation. The demand for additional heat input during the discharge operation increases, lowering the round-trip efficiency.
Conclusions
A system simulation model of an SOIAB system was developed to investigate the fundamental characteristics during the charge and discharge operations.
The simulation was conducted under a quasi-state assumption with 0-D models of the system components, i.e., the SOEC, the Fe box and the heat exchangers. To clarify the energy balance and also improve the system round-trip efficiency, special care was taken when considering thermal aspects; not only a simple system but also a more complicated system with thermal recirculation by three heat exchangers was investigated. That is, we first defined the system round-trip efficiency in which the thermal energy as well as the electrical energy is properly taken into account.
Regarding thermal recirculation, we discuss the effects of the factors practically imposed on heat exchangers, such as the temperature limit and heat exchanger effectiveness. The specific conclusions obtained in this study are summarized as follows:
(1) The theoretical round-trip efficiency of an ideal system is 73% at 600 o C.
Approximately 30% of the input energy is lost as reaction heat during the discharge operation. The heat generation associated with the overpotentials in the SOEC is insignificant compared with the reaction heat. When the thermal input to preheat the gases is considered, the system round-trip efficiency decreases to as low as 26%. This is because the heat required to preheat the gases is much larger than the reaction heat.
The system round-trip efficiency can be recovered by introducing heat exchangers to circulate thermal energy from the exhaust gases. By utilizing heat exchangers, the system round-trip efficiency recovers to 61% under the base conditions.
(2) The effects of the heat exchanger effectiveness, gas utilization and current density were examined. The effectiveness of HEX1 or HEX3 has a noticeable impact on the system round-trip efficiency, while that of HEX2 has little effect. A higher fuel/air utilization factor is generally preferred from the view point of round-trip efficiency. There is, however, an upper limit for the air utilization factor because the maximum allowable fuel-blower temperature becomes a constraint. It also gives a lower limit for fuel utilization. The operation conditions under which heat input is required even during the discharge operation were clarified for each parameter examined. The system round-trip efficiency considerably drops under these operation 18 conditions. This constraint gives a lower limit for the air utilization factor. By considering the effects of the gas utilization factors, a window for operation was obtained in the air utilization and fuel utilization plane. 33 Figure 5 . Effects of the current density on the system round-trip efficiency.
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